Introduction
A moving trend can be seen in using Minimal Invasive Surgery instead of traditional surgical procedures. Instruments are getting smaller and patient outcomes are improved. Although MIS has already achieved a stable place in the field of surgery, it is still associated with natural limitations, such as limited views of surgical areas and difficult handling of surgical tools. Some of these limitations are overcome by robotic surgery [1] . Surgeons are enabled to perform highly skilled jobs by increasing flexibility and accuracy with respect to traditional tools as presented in [2] . An enduring key challenge in the development of robotic surgery is to deliver more dexterity to the robotic system. Thus new robot generations, called continuum snake-like robots, enable the surgeon to have more dexterity on the manipulator arm by using multi-backbone snake-like units [3, 4] , modular, mechatronic joint designs [5] or serially connected, rigid cylindrical links articulated by spherical joints [6] . Although these systems have high manipulator dexterity in following complex anatomical paths, they may lack of dexterity at the distal manipulator arm [7, 8] , such as 1 DoF on the tip [3] . On the other hand the integration of enhanced degrees of articulation and dexterity at the instrument tip is of great importance since this allows the surgeon to perform complex surgical tasks such as suturing. Indeed the wrist of the DaVinci surgical system, the most used robot for surgery, is one of the key features of its success [2] . This work focuses on the design of a cable actuated 2 DoF joint as a wrist to be integrated onto a surgical robotic arm. Such robot arm is characterized by a soft continuum-like structure for omnidirectional bending and elongation capabilities based on a flexible fluidic actuator fabricated in silicone.
Joint Specifications and mechanical design
The 2 DoF joint has been designed to meet specific features extracted by literature research and medical requirements. It should reach a minimum bending angle of at least ±45° and generate a minimum force of 1 N which is necessary for suturing tasks [9] . Poor literature can be found on published specifications on continuum snake-like robot tips. Ding [3] presents a 1 DoF tip on a continuum manipulator diameter of 6.4 mm and an accuracy of the distal unit of ±0.25 mm. Tip forces were not mentioned. The proposed joint design is based on a sphere oriented by four cables and hosted on a Teflon bearing. Bending is possible in all directions. Cable actuation was chosen for moving the joint due to its compatibility with flexible structures of the robotic arm. One of the main advantages of the proposed design is that all rotation axes intersect in the origin of the local frame, located at the center of the sphere. The joint is composed of two separated joint pieces held together only by tendons. All parts are hollow, thus allowing the passage of surgical instrumentation (which could reduce the bending range). The crossing point of the top and the base part is the contact between the sphere and a Teflon bearing for reducing friction (Fig. 1) . Tendons have the functionality to keep the joint tensioned and are fixated on the external holders guided along the sphere structure into the internal holes of the base part. Cables are actuated in pairs by two DC (Faulhaber Hybrid Gearheads 78.5:1) motors integrated with encoders (EPOS 24/1). The chosen motors with the selected reduction ratio have an output torque of up to 31.4 mNm and a speed of 152.9 rpm. Moving only one motor causes bending on one plane; by combining two motors, bending in all directions is obtained. A customized testable-top set-up has been developed actuated by a tendon pulley technique with motors ( Fig  2) . Two pulleys are used, one for each motor. Each pulley enables the winding and unwinding of two opposite cables actuating the joint. The joint is placed on the table plate. The two motors are connected via serial interface to the PC and controlled in LABVIEW. The software allows a direct control of the joint angle with a user interface (input of desired angle) or a joystick. Bench tests, determining the joint's workspace and movement tracking were performed using an AURORA electromagnetic localization system; a 6 DoF localization probe was fixed on the tip of the joint. Data analysis has been elaborated in MATLAB.
Results
A prototype of the joint was fabricated by rapid prototyping (Fig. 3 ) using a 3D Printer Invision Si2, Inition, with VisiJet XT 200 as acrylic photopolymer, and VisiJet S100 as support material. The current prototype can reach a maximum bending angle of 55° in all planes (Fig. 3 b) ). The force developed at the tip of the joint was measured by fixing a load cell (Alluris FMI-210B5) at the tip and moving the joint against it. A maximum force of 5 N was measured. Fig. 4 shows the mean data points of three repeated joint movements from 0° to 55° in respect to its fitting curve (4th degree polynomial) with a standard error of 0.16. First integration tests of the joint into the current manipulator model have been successfully completed. 
Conclusion
A fully working 2 DoF joint was designed, fabricated and tested. Preliminary characterizations show interesting performances in terms of dexterity. Future work includes the integration of an additional DoF (i.e. the roll) and the complete integration in the current continuum-like robot module.
The results represent an important step toward the development of flexible, surgical robotic systems equipped with distal wrist dexterity for the performance of complex surgical tasks.
